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‐ 44 long GRBs  
‐No shape assump0on for flares 
‐Common REST frame band 
‐Threshold of detec0on es0mate 
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4 Lazzati et al.

Figure 4. Histogram of the flare contrast from our simulation
(thick solid line) compared to the one from the onservations
(shaded area).

would be seen if the jet opening angle decreases. Light curves
for observers close to the jet axis and observers close to the
jet edge could therefore be anti-correlated. An example of
this behavior is the depression observed at T ∼ 200 s in
panels (a), (b), and (c) of Figure 1 (viewing angles of 1, 2,
and 3 degrees). At the same time, a bump is seen in panels
(e), (f), and (g), for viewing angles of 5, 6, and 7 degrees.

To check for this occurrence, we have calculated the
opening angle of the jet to see if there is any correlation be-
tween the presence of flares and variations of the jet opening
angle. The result of this analysis are shown in Figure 5 for
the light-power curve at 1◦ off-axis. There are four promi-
nent flares in the curve and they have been identified with
numbers 1, 2, 3, and 4. The comparison indeed reveals that
early flares (1 and 2) are accompanied by humps in the open-
ing angle plot, while the late flare (4) is accompanied by a
depression. Flare 3 is difficult to evaluate, since it lays on
top of an overall growth of the opening angle of the jet.

The duration of flares that are accompanied by a vari-
ation in the jet opening angle can be computed assuming
that the mechanisms that activates and quenches them is the
pressure of the surrounding stellar material. In that case, the
time it takes for the opening angle to vary can be computed
by knowing the jet transverse size and the sound speed in
the exploding stellar material.

The time to restore the jet opening angle after a factor
of 2 increase in kinetic luminosity (a

√
2 variation in opening

angle) would be

δt #
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#

R!θj
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(1)

where R⊥ is the jet transverse radius, vs is the sound speed
of the exploding star, R! is the stellar radius, and θj is the
jet opening angle. The sound speed of the star is:

vs #

√

kT!

mp
(2)

where T! is the average temperature of the star’s material
and mp is the proton mass. The temperature of the explod-
ing star can be calculated assuming that the expansion is
adiabatic and at constant speed as:

Figure 5. Comparison between the jet opening angle at R =
2.5 × 1011 cm and the background subtracted light-power curve
at θ = 1◦. Prominent flares in the light-power curve have been
identified with numbers 1, 2, 3, and 4.
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where T0 is the average stellar temperature immediately af-
ter the explosion and vej the average ejecta radial velocity.
These two quantities can be calculated as
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and
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where M! is the stellar mass and we have assumed that
all the explosive energy (E) goes into thermal motions (for
Eq. 4) or expansion velocity (for Eq. 5). Combining all the
above equations, one can find a very simple solution for the
typical flare duration:
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θ ∼ 0.1 (6)

An important property of Eq. 4 is that all the dependence
on the star property and explosive energy simplify, leaving
the opening angle of the jet as the only quantity that can al-
ter the typical flare duration. This simple model reproduces
therefore two fundamental properties of the observations:
the fact that the flare lasts less than the time at which it
peaks and the fact that the flare duration correlates linearly
with the peak time.

5 DISCUSSION AND CONCLUSIONS

In summary, the flares that we observe in our simulation
are due to two different mechanisms. Early flares, when the
jet propagation through the star still excites turbulent mo-
tions (Morsony et al. 2007; Mizuta et al. 2010), are due to
velocity stratification within the jet, and are accompanied
by increases in the opening angle due to the increased jet
pressure. Late flares, instead, are due to reductions in the
jet opening angle. In both cases, as shown above, the flare
duration is smaller than but correlated to the flare peak
time.
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